We analyze FUV spatially-resolved dayglow spectra obtained at 0.37 nm resolution by the 30 UVIS instrument during the Cassini flyby of Venus. The intensities of the ultraviolet 31 multiplets of carbon at 126.1, 156.1 and 165.7 nm are determined using a least squares fit 32 technique applied to all dayglow spectra recorded by UVIS along the Cassini track. These 33 intensities are compared with the results of a full radiative transfer model of these emissions, 34 that includes the known photochemical sources of photons and resonant scattering of sunlight. 35
respectively. This discovery was later confirmed by the detection of the CI-165.7 nm line by 49 the spectrophotometer of the Mariner 10 spacecraft (Broadfoot et al., 1974) and by the 50 presence of both spectral features in the FUV spectra recorded by the Orbiter Ultraviolet 51
Spectrometer (OUVS) on board the Pioneer Venus (PV) spacecraft (Stewart et al., 1979; 52 Paxton, 1983 52 Paxton, , 1985 . 53
Scientific analysis of these observations made it possible to address the study of the 54 carbon photochemistry and density profile. Direct measurement of the vertical distribution of 55 carbon has never been performed. However, the C density was estimated at high altitude (i.e. 56 above the CO layer that contaminates the CI emission measurements due to its fourth positive 57 emission) by Paxton (1985) The least squares fit technique thus presents the advantage of including the additional 149 spectroscopic information which would not be accounted for by a deconvolution technique, 150 while it also accounts for all the relevant spectral data and spectroscopic constrains at once to 151 determine the needed intensities, which would not be guaranteed by a simple method using 152 the expected relative intensity of a few, well chosen, CO-4P bands. the contributions of the CO fourth positive system (black), oxygen multiplets (red) and carbon 157 multiplets (greed, from CI and CII transitions) to the fitted spectrum. In particular, the CI 158 multiplets at 156.1 and 165.7 nm are detailed in panels c and d, that show that the 159 corresponding observed spectral features are well represented by the fitted spectrum, that 160 includes contributions from both the CO-fourth positive system and the CI multiplets. Table 1  161 lists the transitions of main interest that were identified in the FUV channel between ~125 and 162 119.4 and ~127.8 nm are present in the UVIS pass band, they were not analyzed in details due 164 to the presence of a large number of unresolved line blends between carbon transitions and 165 with emissions from other atoms as well. For example, more than 20 spectral lines of carbon 166 exist between 127 and 129 nm (Reader et al., 1980, Weise and Fuhr, 2007) . warranty that one of the multiplets is very bright itself. Moreover, this spectral interval is so 177 crowded with transitions that obtaining the solar intensity necessary for a detailed modeling is 178 at least challenging. This spectral feature is thus not suitable for further theoretical analysis. 179
The brightest multiplets at 156.1 and 165.7 nm have already been used by other authors to 180 study the thermosphere of Venus (Paxton, 1985 for example). The large brightness of these 181 lines and the absence of other carbon multiplets at near wavelength make them ideal tools for 182 theoretical analysis. On the other hand, the CI -126.1 nm transition is much weaker and has 183 much larger uncertainties, as it obviously appears in Figure 1 . However, this spectral feature 184 is well isolated at the UVIS resolution and will also be included in the simulations. The photodissociation cross sections of CO 2 and CO producing the CI 3s 3 were obtained by scaling that of the CI-128 nm emission (Paxton, 1985) , with a factor based 207 on the oscillator strength of these transitions (Goldbach and Nollez, 1987 165.7 nm transition is dominated by the electron-impact dissociation of CO 2 below 135 km, 232 whereas at higher altitude, this source becomes comparable with (and sometimes smallerthan) the photo-dissociation of CO 2 . It is important to note that all dissociative excitation 234 processes are exothermal reactions. As a result, the produced fragments and thus the produced 235 carbon atoms, mostly have a speed well above the thermal speed. This means that 236 thermospheric thermal carbon atoms have a small probability of scattering photons emitted by 237 those newly produced fast carbon atoms. The way to handle these emissions (produced by the 238 fast carbon atoms) is thus to neglect all radiative transfer effect on them, and to consider that 239 the thermosphere of Venus is optically thin to these photons, so that a direct line of sight 240 integration of the calculated emission rate is needed to simulate the contribution of these The photochemical sources described above must not all be included in a full radiative 248 transfer modeling of these emissions, as explained above. Only the direct electron impact 249 excitation of carbon atoms is concerned by this paragraph. The carbon density is so low in the 250 thermosphere of Venus that optical thickness is not very large at these wavelengths. Including 251 a full radiative transfer modeling is nevertheless more accurate, especially for slant views of 252 the thermosphere, such as for the observing conditions of Cassini-UVIS. Moreover, this 253 allows us to conduct consistent sensitivity tests on the carbon density profile, such as those 254 that we will make to constrain the carbon density profile. Table 2 . 294 Table 3 lists the transition parameters used in the present study. The parameters x dis and 295 x off refer to the dispersion and offset of both Gaussian functions relevant to each line in the 296 observed solar spectra symmetrized about the rest wavelength of each particular line. As the 297 detailed high resolution solar spectrum remains unknown for the CI-126.1 nm multiplet, the 298 values of the x dis and x off parameters are assumed equal to the average of all the transition of 299 the CI-156.1 and 165.7 nm multiplets. CI lines in Table 3 are The radiative source functions are not directly observable. The CI-165.7 nm intensity 378 computed along the Cassini track for the UVIS observing conditions are shown in Figure 7a . 379 Our simulations are expected to be less accurate near the terminator and near the limb. As itcould be expected based on the source functions, scattering of solar photons is the most 381 important radiative process at 165.7 nm. Clearly, the simulated intensity is by far too low 382 compared with the observation. The discrepancy increases at larger solar zenith angles, where 383 the intensity is higher. In principle, the uncertainties affecting the fitted observed intensity 384 should decrease as the signal to noise ratio decreases. We thus rule out a possible 385 misidentification of the CI-1657 nm intensity as the origin of the discrepancy. Indeed, our 386 fitting procedure has revealed efficient for several other emissions (Hubert et al., 2010) the observed intensity at both wavelengths is much larger than that calculated using the 401 carbon density profile of Fox and Paxton (2005) , the discrepancy is more severe at larger 402 SZA and increasing the carbon density may account for the discrepancy, the scaling factor to 403 be applied being larger at smaller SZA. the carbon density is increased, the production rate of excited carbon by electron impact is 428 similarly enhanced and progressively becomes the dominant primary source of photons, to 429 which the Venus thermosphere also progressively becomes optically thick. 430
The correction factor to be applied to the carbon density profile to account for the 431 Cassini-UVIS observation has been computed for the three multiplets, for all the UVIS 432 observation of the dayglow along the Cassini track. angle. This is apparently logical: a smaller SZA implies a larger incident solar flux, which 445 increases ionization and photo-dissociative processes. One may speculate that a larger SZA 446 leads to a larger production of carbon atoms by dissociation of carbon-based molecules, and 447 to an inccrease of the O 2 loss rate due to photo-dissociation of that molecule by solar UV 448 radiations. In parallel, the production of O 2 by photodissociation of CO 2 is increased in 449 similar proportion (neglecting the variation of the CO 2 density versus SZA). An increased 450 solar UV flux would also increase the production of oxygen atoms, that can recombine and 451
form O 2 molecules in three-body collisions. Triple collisions are slow processes, and in 452 addition, the general thermospheric circulation of Venus is characterized by a Hadley cell thattransports the produced oxygen atoms from the day to the night side, especially at small SZA, 454 thus reducing the production rate of O 2 molecules by that process. We thus do not expect that 455 the O 2 mixing ratio would be largely dependent on SZA, because a variation of the solar flux 456 would similarly impact the loss and main production rates of O 2 , leaving the equilibrium 457 concentration nearly unchanged. A smaller SZA could thus imply a larger production rate and 458 an unchanged loss rate of carbon atoms, and consequently a larger carbon concentration as 459 suggested by the observations. A complete three-dimensional modeling of the coupled 460 photochemistry and general circulation of the thermosphere of Venus would be necessary to 461 establish if our proposed speculation is the actual reason of the SZA dependence that we find 462 for the carbon density. 463
The density profile of Fox and Paxton (1985) was computed for a SZA=60°, adjusting 464 the O 2 density profile to match the carbon density profile deduced by Paxton (1985) . We find 465 that a factor ~6.5 must be applied to the carbon profile to account for the observation near 466 SZA = 60°. Our observation and modeling thus suggest a discrepancy with the carbon density 467 times lower carbon loss rate due to reaction (1) and thus a five times larger carbon density, 472
providing that the production rate of carbon would remain unchanged. Such a factor is 473 roughly what we find around SZA = 60°. 474
The brightest emission being the CI-165.7 nm multiplet, one could expect that the 475 correction factor estimated based on this emission would be the most reliable. However, the 476 response of the calculated intensity versus the carbon density is slightly more non-linear. The 477 computed 165.7 nm intensity is, in principle, less sensitive to the carbon density than that ofthe other multiplets, at least when the carbon density is largely increased and the optical 479 thickness becomes significantly larger than 1. The 126.1 nm emission, as it is modeled in this 480 study, mostly depends on the electron impact excitation of carbon atoms, which is directly 481 proportional to the density, but its low intensity produces larger uncertainties. In addition the 482 detailed line profile of the 126.1 nm solar multiplet is unknown, introducting an additional 483 source of uncertainties. It is thus difficult to determine which of the three multiplets is the best 484 suited for estimating the correction to be applied to the carbon density profile. The very 485 different results found at larger SZA values between the 156.1 and 165.7 nm -determined 486 scaling factors indicate that some elements still escape our understanding of the carbon 487 density profile (unless it would result from uncertainties on the fitted intensities). One 488 possibility would be that the shape of the carbon density profile, not only the (peak) absolute 489 value, would need to be revised. This could suggest that a part of the processes governing the 490 photochemistry of carbon remains misunderstood. For example, does transport play any role? 491
Are all the photochemical cross sections sufficiently well known, etc. ? Indeed, the SZA-492 dependence of the needed correction factor clearly points to a photochemical origin of the 493 discrepancy between the observed and computed intensities, as already explained before. 494
An observational origin of the discrepancy between the multiplets must also be 495 considered. The reason why different correction factors are found based on the CI-156.1 and 496 Figure 10a , which shows the ratio between the Cassini-497 UVIS CI-156.1 and 165.7 nm intensities. This ratio remains fairly stable for SZA > 40°, but it 498 starts increasing at smaller SZAs. The ratio that we compute compares well with the value of 499 ~0.5 of Feldman et al. (2000) who observed the FUV spectrum of the Venus disk using the 500
nm emission is illustrated in
Hopkins Ultraviolet Telescope (HUT), but who did not resolve the blend with the CO Fourth 501
Positive band system. However, the tendency found for SZA < 40° points to a consistent, 502 regular increase despite the uncertainties on the intensity ratio. By contrast, the CI-126.1 / CI165.7 nm intensity ratio remains stable over the whole Cassini-UVIS track. One could argue 504 that the fitted intensity of the multiplets shown in Figure 2 would have uncertainties larger 505 than that estimated from the Poisson noise and chi square flatness because of the blend with 506 the CO fourth positive band system at the UVIS wavelength resolution. This could be the 507 reason of the different scaling factors that we deduce for the carbon density based on the CI-508 165.7 and 156.1 nm intensities at SZA < 40°. It nevertheless remains that, at smaller SZA 509 values, the results found for the three multiplets consistently show that the carbon density 510 profile must be significantly increased by a factor up to ~10 to account for the observations. 511
In addition, the fitted intensity profiles shown in Venus, including the mixing ratio of O 2 , will be needed to understand that sensitivity.
Conclusion 528
The dayglow intensity of the CI multiplets at 126.1, 156.1 and 165.7 nm has been 529 measured and spatially resolved across the Venus disc using the UVIS instrument during the 530
Cassini flyby of the planet. The intensity of these emissions has been modeled including 531 photochemical sources and resonance scattering of solar radiation. The carbon density profile 532
was taken from the model of Fox and Paxton (1985) . We find that the ratio between the 533 observed 156.1 and 165.7 nm is compatible with previous observations obtained with the 534 HUT instrument. A significant discrepancy is found between the observed and modeled 535 intensity of the three multiplets, that we attribute to a too low carbon density. The scaling to 536 be applied to the carbon density profile to account for the observations of the three multiplets 537 consistently varies from ~2 at SZA~80° to ~10 for SZA~45°. At smaller SZA values, the 538 156.1 nm emission suggests scaling factors reaching as much as 20 while the 126.1 and 165.7 539 nm multiplets indicate scaling factors around 12. This internal discrepancy between emissions 540 remains to be explained and appears as a scatter around a mostly linear dependence. All three 541 analyzed multiplets nevertheless show a clear agreement at larger SZAs that points to a 542 photochemical origin of the SZA dependence that we find for the carbon density in the 543 thermosphere of Venus. The larger carbon density that we infer from the Cassini-UVIS FUV 544 data also implies that the mixing ratio of O 2 is lower than previously thought, but this ratio 545 does not necessarily need to vary versus SZA to account for the observations. 546
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